A design of multimode interference coupler with deeply etched air trenches at the boundary of the multimode section is proposed for photonic integrated circuitry on low-index-contrast materials. The device length decreases from 820 to 750 m for a 1ϫ 8 polymer multimode interference coupler. Due to the enhanced optical confinement, the optimized coupler with air trenches experimentally achieved 0.28/ 0.23 dB reduced insertion loss, 2.16/ 2.34 dB improved contrast ratio for transverse-electric and transverse-magnetic polarization, compared with conventional multimode interference coupler. The device entirely covers the wavelength range of both C and L bands, which is sufficient for broadband communications. Based on the self-imaging principle, 4 MMI couplers offer the advantages of compact size, low cross-talk, and low power imbalance. Compared to directional couplers and Y splitters, MMI couplers show superiority in scalability, since they do not need to be cascaded in order to achieve large port counts. Theoretical work in Ref. 5 suggested means to improve image quality in terms of two physical sources, namely, larger mode counters and smaller phase errors. Higher-order guided waves offer a better image resolution due to their higher spatial frequency, while smaller phase error among different guided modes is paramount for large port counts. Both of these two performance-limiting factors require a high index contrast in the multimode section. MMI devices fabricated on III-V semiconductor compounds 6 and silicon-on-insulator 7 yield good image quality. Although these devices can achieve ultracompact size, their submicron cross section induces higher propagation loss and low coupling efficiency with single mode fibers. Low-index-contrast materials, for example, silica 8 and polymer 9 devices, have gained distinguished popularity in the past decades due to their low insertion loss and polarization insensitivity. The square cross-section channel waveguide provides a good profile matching with the fundamental mode of an optical fiber. To improve image quality, polymer MMI devices using metal cladding to obtain a strong lateral confinement were proposed in Ref. 10. However, metal cladding limits device operation to a single polarization due to metallic absorption of transverse-magnetic ͑TM͒ waves. A more attractive approach with the introduction of deeply etched air trenches at the boundary of multimode section was proposed in Refs. 11 and 12 independently. Their simulations predict improved image quality without sacrifices in coupling efficiency. But until now, no experimental results have confirmed this optimized design. In this letter, we apply the proposed design to a 1ϫ 8 MMI coupler as a specific case. Using a threedimensional semivector beam propagation method ͑3D SVBPM͒, we compare the performance in terms of loss, power imbalance, and contrast ratio, for the devices with and without air trenches. The optimized MMI couplers fabricated on ultraviolet ͑UV͒ curable fluorinated polymers demonstrate improved image quality compared with conventional MMI couplers on the same chip, which agrees with the simulation results.
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Multimode interference ͑MMI͒ couplers are widely used in many photonic integrated circuits ͑PICs͒, such as power splitters, 1 optical switches, 2 and phased array multiplexers.
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Based on the self-imaging principle, 4 MMI couplers offer the advantages of compact size, low cross-talk, and low power imbalance. Compared to directional couplers and Y splitters, MMI couplers show superiority in scalability, since they do not need to be cascaded in order to achieve large port counts. Theoretical work in Ref. 5 suggested means to improve image quality in terms of two physical sources, namely, larger mode counters and smaller phase errors. Higher-order guided waves offer a better image resolution due to their higher spatial frequency, while smaller phase error among different guided modes is paramount for large port counts. Both of these two performance-limiting factors require a high index contrast in the multimode section. MMI devices fabricated on III-V semiconductor compounds 6 and silicon-on-insulator 7 yield good image quality. Although these devices can achieve ultracompact size, their submicron cross section induces higher propagation loss and low coupling efficiency with single mode fibers. Low-index-contrast materials, for example, silica 8 and polymer 9 devices, have gained distinguished popularity in the past decades due to their low insertion loss and polarization insensitivity. The square cross-section channel waveguide provides a good profile matching with the fundamental mode of an optical fiber. To improve image quality, polymer MMI devices using metal cladding to obtain a strong lateral confinement were proposed in Ref. 10 . However, metal cladding limits device operation to a single polarization due to metallic absorption of transverse-magnetic ͑TM͒ waves. A more attractive approach with the introduction of deeply etched air trenches at the boundary of multimode section was proposed in Refs. 11 and 12 independently. Their simulations predict improved image quality without sacrifices in coupling efficiency. But until now, no experimental results have confirmed this optimized design. In this letter, we apply the proposed design to a 1ϫ 8 MMI coupler as a specific case. Using a threedimensional semivector beam propagation method ͑3D SVBPM͒, we compare the performance in terms of loss, power imbalance, and contrast ratio, for the devices with and without air trenches. The optimized MMI couplers fabricated on ultraviolet ͑UV͒ curable fluorinated polymers demonstrate improved image quality compared with conventional MMI couplers on the same chip, which agrees with the simulation results.
A 1ϫ 8 MMI coupler is illustrated in Fig. 1 . Conventional MMI couplers, as Fig. 1͑a͒ shows, have a core refractive index of n 0 and cladding index of n 1 , both for the input waveguide and the multimode section. Detailed analysis of the self-imaging property is presented in Ref. 4 . A basic expression for the field profile ͑x , y , z͒ at a distance z = L is written as
where is the guided mode sequence number, m is the total excited mode number, is the th excited mode profile, c is the excitation coefficient, ␤ is the propagation constant, and
where k 0 = /2, W is the effective width for mode m including the penetration depth due to the Goose-Hahnchen shift. To ensure good image quality, there must first be a sufficient number of guided modes, i.e., m must be large enough to increase the spatial resolution of the reproduced image; and second, sufficiently small phase error, which means ␤ 0 − ␤ has harmonic beat length for different , so that
where L = / ͑␤ 0 − ␤ 1 ͒ =4n 0 W 0 2 /3 0 is the beat length of the two lowest-order modes. This approximation requires the penetration depth of each guided mode below submicron scale. Both of these two criteria require a strong index contrast in the multimode section.
When air trenches are introduced to define the edges of the MMI coupler, which is shown in Fig. 1͑b͒ , more guided modes can be excited, and lateral penetration depth into the cladding is substantially reduced so that the effective width of all the guided modes is approximately the same as the actual width of the MMI coupler. Hence, the presence of air trenches improves image quality.
3D SVBPM is employed to simulate the performance of the MMI couplers. The refractive indices of the cladding and core are 1.45 and 1.46, respectively. The center-positioned input waveguide has 5 ϫ 5 m 2 cross section, and the width of the multimode section is 80 m. The lengths of the multimode sections of the two designs are 820 and 750 m, respectively. Air trenches are placed adjacent to the multimode section and deeply etched to the substrate. The near field images of the TM mode at the end surface of the multimode sections are displayed in Fig. 2 . For conventional MMI couplers, the weakest intensity contrast ratio ͑CR͒ is 5.74 dB, where CR is defined as CR = 10 log͑peakintensity / adjacentvallyintensity͒. The power imbalance is 0.48 dB and excess loss is 0.23 dB. As a comparison, the optimized MMI coupler achieves a CR of 8.53 dB, power imbalance of 0.45 dB, and excess loss of 0.07 dB. The power imbalance is not significantly improved as Refs. 11 and 12 show, since 3D BPM is adopted instead of two-dimensional BPM used in those references. The performance of the transverse-electric ͑TE͒ mode, together with the experimental results, is summarized in Table I. ZPU12-RI series polymer materials from ChemOptics are employed to make the optical waveguide on a silicon wafer. First, a layer of ZPU12-450 ͑n = 1.45 at 1550 nm wavelength͒ as the bottom cladding is spin coated onto the wafer. After UV curing and thermal baking, a second layer of ZPU12-460 ͑n = 1.46͒ is spun which serves as the core layer. A suitable thickness of SiO 2 as a hard masking material is then deposited and patterned by a dry etching method. Once the hard mask is properly defined, reactive ion etching ͑RIE͒ is used to form the channel waveguides in the core material. The remaining hard mask is then removed by wet etching and a polymer top cladding layer is spin coated and cured. To introduce the air trenches, another layer of SiO 2 hard mask is grown and patterned to open the trench windows. The polymer is then completely etched down to the silicon bottom in the RIE chamber. The fabricated sample is cleaved and both ends are polished. In order to monitor the near field image of the MMI coupler, the output plane is exactly polished to the end surface of the multimode waveguide, as shown in Fig. 3 . The chip is vacuum mounted on the holder of a Newport PM500C autoaligner, and a 9 m core diameter single mode fiber is precisely positioned to couple the 1550 nm wavelength laser to the input waveguide. A 40ϫ lens is closely placed to the polished surface to project the near field image onto a charge coupled device camera. The TM mode intensity profile of a conventional MMI coupler without any air trenches and the optimized MMI coupler are shown in Figs. 4͑a͒ and 4͑b͒, respectively. This polarization independent device shows a similar image profile for the TE mode, as detailed in Table I .
The wavelength response of the optimized MMI coupler is depicted in Fig. 5 . The "channel output" represents the optical power from the centermost channel in Fig. 4͑b͒ , which is normalized to the maximum throughput power. Within the C and L bands, the channel output variation is less than 1 dB. The rapid power drop beyond 1490 and 1610 nm is a result of material absorption loss. 13 The "channel uniformity" in Fig. 5 is defined as the power ratio between the centermost and edgemost channels, irrespective of material absorption. The channel uniformity varies from −1 to − 0.6 dB in the C and L bands and can extend to a much longer wavelength range, proving the device architecture to be wavelength insensitive.
To conclude, we realized the theoretically optimized design of a 1 ϫ 8 polymer MMI coupler by the introduction of deeply etched air trenches. Experimental results show that insertion loss reduced by 0.46 dB in the optimized MMI coupler and contrast ratio for the TE mode improved by 1.16 dB compared to conventional MMI couplers. For the TM polarization, the insertion loss reduced 0.31 dB and the contrast ratio improved by 2.34 dB. The device shows stable performance across the C and L band communications windows. The enhanced image quality will provide a higher potential for MMI couplers in large scale PICs. 
